With glycosylation now firmly established across both Archaeal and bacterial proteins, a wide array of glycan diversity has become evident from structural analysis and genomic data. These discoveries have been built in part on the development and application of mass spectrometric technologies to the bacterial glycoproteome. This review highlights recent findings using high sensitivity MS of the large variation of glycans that have been reported on flagellin and pilin proteins of bacteria, using both 'top down' and 'bottom up' approaches to the characterization of these glycoproteins. We summarize current knowledge of the sugar modifications that have been observed on flagellins and pilins, in terms of both the diverse repertoire of monosaccharides observed, and the assemblage of moieties that decorate many of these sugars.
Introduction
Glycosylation, the post-translational modification of proteins by carbohydrates, has long been recognised as a fundamental strategy used by eukaryotes to influence and modulate protein structure and function [1] . It is now evident that protein glycosylation is abundant in prokaryotes, with an ever increasing number of glycoproteins being identified. Sugars present on glycoproteins have traditionally been studied once released from the protein, but new technologies are now permitting the analysis of sugars in situ using MS [2] . The earliest examples of protein glycosylation in prokaryotes were found in the Archaea, which express glycosylated surface (S-layer) proteins [3] , and a number of S-layer glycans have now been reported [4] . Subsequently, protein glycosylation was identified in Bacteria such as Flavobacterium meningosepticum [5, 6] and Neisseria meningitidis [6, 7] , but was largely ignored as a rare curiosity until the discovery of a general N-glycosylation system in Campylobacter jejuni following the completion of its genome sequence [8] . It is now firmly established that glycosylation is widespread across both Archaea and bacteria [9] . Indeed, with the progress in sequencing of bacterial genomes, it has become more evident that shared genes among pathogenic bacteria are involved in the glycosylation process and that there is a commonality of sugars across bacteria. An example of commonality is the O-glycosylation of Neisseria pilin and the N-glycosylation of Campylobacter flagellin, where the sugar DATDH (2,4-diacetamido-2,4,6-trideoxyhexose) links the glycan to the protein in both cases [10] . These two pathogens share glycosylation genes (pgl) involved in the synthesis and transfer of DATDH onto the protein backbone [11] . The MS glycosylation studies in Campylobacter recognised that ES-MS (electrospray MS) analysis of glycopeptides yielded abundant signature fragment ions for the nitrogen-containing sugars, and this has facilitated their discovery in other organisms. For example, work in our laboratory has characterized the sugar DATDH in Wolinella succinogenes (P.G. Hitchen and A. Dell), which was predicted from the presence of pgl genes in the genome sequence [12] . MS analysis has revealed the presence of a hexasaccharide attached to the protein via the DATDH residue, which was first noted from the observation of the characteristic signature oxonium ion (m/z 229) for DATDH.
To date, the study of prokaryotic protein glycosylation in bacteria has been best exemplified by the flagellin and pilin glycoproteins [13, 14] . Flagellins and pilins are proteins that are arranged into large filamentous structures that extrude from the bacterial surface and are termed the flagellum and pilus respectively. The flagellum is important for bacterial virulence, motility and colonization. Short pilus, termed fimbriae, are used to attach the pathogen to the host surface, whereas type IV pili are integral for adherence and motility. Although the exact function of glycosylation of these appendages has yet to be fully understood, it is evident that glycosylation is functionally important. For example, mutants in glycosylation of Campylobacter flagellin are non-motile and accumulate flagellin intracellularly and have also been shown to display limited flagellin glycoforms that The top down MS approach highlights the application of ES-MS for the analysis of intact glycoproteins, where the glycoprotein is observed as a multiply charged species and is then transformed to give the masses of various glycoforms of the modified protein. In the low mass region, signals may be observed for characteristic glycan oxonium ions that fragment from the glycoprotein during the ES-MS experiment. Additional fragmentation can be performed to gain further insight into the nature of the glycan oxonium ion, using CAD-MS/MS resulting in losses of indicative moieties from the glycan. The bottom up MS approach highlights the LC-MS/MS strategy for the analysis of tryptic glycopeptides generated from a sample. Glycopeptides are separated by LC and selected for CAD-MS/MS analysis for the characterization of glycan oxonium ions and sequence. The bottom right shows the complementary MS technique of ETD-MS/MS, which favorably cleaves the peptide backbone, leaving intact side chain modifications such as glycosylation and enabling the identification of linkage sites. Glycosylation/glycan oxonium ions are represented by filled squares and the filled circle indicates a phosphocholine modification of the polypeptide.
have a significant contributory role in the colonization of chickens [15, 16] . The role of pilin glycosylation is less clear. Loss of O-linked glycosylation in Niesseria meningitidis did not support a major role for glycosylation in pilin assembly and subsequent adhesion [17] .
In the present article, we aim to highlight the methodologies now being applied to study prokaryotic glycoproteins and we describe how glycoproteomics has revolutionised the discovery of new glycoforms of flagellin and pilin glycoproteins.
Glycoproteomic strategies
The application of MS has proved to be an essential tool over the years for defining carbohydrate structure [2, 18] . Advances in MS instrumentation coupled with the success of proteomics has led to the development of new MS strategies for the analysis of bacterial glycoproteins [19] . These techniques have exploited knowledge of genomic information for the functional analysis of genes involved in the glycosylation process. Typical glycoproteomic strategies are highlighted in Figure 1 . These techniques can be categorized as 'top down' and 'bottom up' MS strategies. In a top down approach, ES-MS is typically applied to the analysis of intact glycoproteins. The resulting data are then transformed by the software to ascertain the glycoprotein mass and the extent of glycosylation. In addition, a top down experiment often provides valuable data on the nature of the glycan from the observation of characteristic glycan oxonium ions in the low mass region of the mass spectrum. The formation of these oxonium ions is favoured by amino sugars and it is therefore advantageous that flagellin and pilin proteins usually carry this class of sugars. In a bottom up approach, glycoproteins are proteolytically cleaved to generate glycopeptides, typically using trypsin. These pieces of the glycoprotein are then separated on a liquid chromatography system and analyzed by CAD-MS/MS (collisionally-assisted dissociation tandem MS) in a manner similar to peptide sequencing. From the resulting data, glycopeptides are often identified by examining the data for the same characteristic oxonium ions observed in top down experiments. The CAD-MS/MS data can also give information on the sequence of monosaccharide residues within the glycan attached to the peptide, although often not the specific site of attachment, due to the facile loss of sugars which is inherent to this type of analysis. Recent developments in MS instrumentation have seen the implementation of the complementary technique of ETD-MS/MS (electron transfer dissociation tandem MS), which, owing to the mechanisms involved, favourably fragments the peptide backbone rather than glycosidic bonds, and allows for the identification of specific sites of glycosylation [20] . These MS techniques are invaluable in assigning sugar compositions to flagellin and pilin glycoproteins, as indicated by the masses of the observed glycans. However, owing to the diverse nature of sugars found on bacterial glycoproteins, NMR is often essential as a complementary structural technique for the precise structural determination of novel and unusual sugars that are a common feature of bacterial glycoproteins [21] .
Three groups of flagellin and pilin glycans
(i) Acidic monosaccharides that are structurally related to sialic acids and are decorated with a variety of substituents
Flagellins from at least six species of pathogen have been found to be glycosylated with families of 'sialic acid-like' monosaccharides. These are derivatives of 5,7-diacetamido-3,5,7,9-tetradeoxy-L-glycero-α-L-manno-nonulosonic acid and 5,7-diacetamido-3,5,7,9-tetradeoxy-D-glycero-β-Dgalacto-nonulosonic acid, which are called pseudaminic acid and legionaminic acid respectively. Diversity within each family is conferred by replacement of acetamido with acetamidino, by variations in the N-acyl groups, and by modifications of hydroxy groups. Pseudaminic acid and legionaminic acid derivatives characterized to date are shown in Figure 2 (A) together with the masses of their diagnostic oxonium ions, whose presence in both 'top-down' and 'bottom-up' mass spectra (see Figure 1 ) is vital for structural assignments. Members of the pseudaminic acid family have been found on flagellins of Campylobacter jejuni, Campylobacter coli, Helicobacter pylori and Aeromonas caviae [22] [23] [24] [25] [26] . In the latter pathogen, pseudaminic acid is also a component of its LPS (lipopolysaccharide) O-antigen [26] . Some strains of Campylobacter additionally carry legionaminic acid family members on their flagellins and this type of glycosylation is also present on the flagellin of some strains of Clostridium botulinum [27] . The pseudaminic acid and legionaminic acid families include derivatives acylated with 2,3-di-O-methylglyceric acid and amino acids such as N-methylated glutamic acid (see Figure 2A ) [27, 28] .
(ii) Oligosaccharides which share sequences with LPS O-antigens Post-translational modification involving attachment of an O-antigen sequence has so far only been structurally confirmed in the pilin of Pseudomonas aeruginosa strain 1244 [29] . However, results emerging from studies of other bacterial glycoproteins, such as the adhesins of the human oral pathogen Aggregatibacter actinomycetemcomitans, suggest that this type of glycosylation is likely to occur more widely [30] . The O-antigen of P. aeruginosa strain 1244 is a trisaccharide comprising a pseudaminic acid derivative (see Figure 2A) capping a Xyl-FucNAc (xylose-N-acetylfucosamine) disaccharide. This, or a closely related structure, is likely to be also present on the flagellin because its glycosylation has been shown to require one of the O-antigen biosynthetic enzymes [31] .
(iii) Glycans whose structures differ from LPS O-antigens
This category embraces a variety of structures of which the best characterised are flagellins from Pseudomonas syringae, Clostridium difficile, C. botulinum and Listeria monocytogenes; pilins from Neisseria meningitidis and Neisseria gonorrhoeae; and pilins and flagellins from several strains of Ps. aeruginosa. Below, we begin with an overview of the glycans that have been identified in several Pseudomonas and Neisseria species whose glycosylation is now quite well understood [29, [32] [33] [34] ). We then describe results emerging from research that is providing a wealth of information on O-linked glycosylation in hypervirulent strains of C. difficile.
Pilins from N. meningitidis and N. gonorrhoeae were amongst the first bacterial glycoproteins to be characterized by MS in the mid-1990s using bottom-up technologies. Both species of Neisseria are glycosylated at a single site with a trisaccharide composed of a di-galactose moiety attached to serine via a DATDH residue, a linking sugar that is shared with the N-glycosylation system of Campylobacter [7, 35] ). Subsequently, top-down analysis was applied with great success to the pilins of N. gonorrhoeae. These experiments have revealed glycan micro-heterogeneity, including Oacetylation of the terminal galactose plus truncation to diand mono-saccharides, as well as defining phosphocholine and phosphoethanolamine modifications of the polypeptide backbone [7, 33, 35] . Moreover, MS played a vital role in the recent discovery of a general O-linked glycosylation system in Neisseria [36] .
Of all the flagellins and pilins characterized to date, those from Ps. aeruginosa strains exhibit the greatest diversity. As described earlier, the pilin of strain 1244 is decorated with O-antigens. In contrast, the glycans on the pilin of strain Pa5196 are homo-oligomers of α1,5-linked Darabinofuranose, structures which, interestingly, are shared by cell wall polymers of Mycobacteria [37] . Flagellins have been characterized in two strains, PAK and JJ692. Remarkably, despite both having O-linked rhamnose as the linking sugar, the glycans from these two strains differ substantially [32] . Thus in JJ692, the rhamnose is not further elongated, whereas the PAK flagellin was found to carry an extremely heterogeneous family of rhamnose-linked glycans containing over thirty different glycan compositions. The glycans vary in size from six to eleven residues and all share a peripheral trisaccharide composed of an unknown terminal residue of mass 174 Da linked to a deoxyhexose-deoxyhexosamine disaccharide. The oligosaccharide chains connecting this trisaccharide to the flagellin-linked rhamnose comprise many different combinations of pentose, deoxyhexose, hexose and hexuronic acid.
Similar to the aforementioned Ps. aeruginosa strains, the plant pathogen Ps. syringae has rhamnose-linked glycans on its flagellins. However the latter has relatively homogeneous glycosylation, in contrast to the diverse glycan repertoire that can be expressed by Ps. aeruginosa. Two pathovars have been characterized and they are modified with tri-or tetra-saccharides containing two or three rhamnosyl residues respectively, capped with 4,6-dideoxy-4-(3-hydroxybutanamido)-2-O-methylglucose [38] .
Top down MS has uncovered two distinct families of glycans in the flagellins of C. botulinum [27] . As described earlier, some strains are decorated with legionaminic acid derivatives. Others exhibit oxonium ions whose masses suggest the presence of di-N-acetylhexuronic acid and its O-acetylated counterpart (Table 1) . It is not yet known whether this uronic acid family is present as monosaccharides and their derivatives, similar to the legionaminic acid family, or whether they occur within oligosaccharides. Unassigned; possibly Pse5Ac7Ac plus deoxypent C. botulinum [27] 696 Unassigned C. botulinum [27] Top down MS also played a key role in the discovery of O-GlcNAc (β-O-linked N-acetylglucosamine) in the flagellins of Listeria monocytogenes. O-GlcNAc is a ubiquitous sugar on nuclear and cytoplasmic proteins of eukaryotes where it is implicated in many essential biological processes such as signalling and transcriptional regulation. MS showed that HexNAc (N-acetylhexosamine) moieties are attached to up to six serine and threonine residues in the central surface-exposed region of the Listeria flagellin [39] . These HexNAc residues were assigned as β-linked GlcNAc because the Listeria flagellin was found to be immunoreactive with a monoclonal antibody that recognises O-GlcNAc in eukaryotic proteins.
C. difficile is an emerging opportunistic pathogen which is the leading cause of nosocomial diarrhoea worldwide. Severity and mortality of C. difficile infection has increased and are correlated with the emergence of C. difficile PCRribotype 027 strains, causing several antibiotic-associated nosocomial outbreaks in North America and Europe [40, 41] . The origin and development of these hypervirulent strains remains largely unknown despite efforts to identify the genetic elements and resulting pathogenicity determinants which enable their increased virulence. One avenue being explored by Logan and co-workers in Ottawa is the possibility that changes in flagellin structure contribute to pathogenicity [42] . Their elegant MS analyses have uncovered remarkable differences in the glycosylation of flagellins from recent clinical isolates from the U.S.A. and Canada compared with the 'historic' 630 strain which was isolated from a hospital patient in Zurich approx. 30 years ago [42] . The 630 flagellin was found to be glycosylated at up to seven sites with an Olinked HexNAc carrying aspartic acid attached via a phosphodiester moiety ( Figure 2B , diagnostic oxonium ion at 399 Da). C. difficile strains, including ribotype-027 strains, were examined and the glycans were found to be similarly attached to the flagellin backbone via a HexNAc but none exhibited the 399 Da oxonium ion that is characteristic of the 630 strain. Instead, the hypervirulent C. difficile strains carry a heterogeneous family of oligosaccharides containing up to five sugar residues arranged in various combinations of deoxyhexose, methylated deoxyhexose, heptose and HexNAc (see Figure 2C ). In our laboratory we have examined hypervirulent C. difficile ribotype-027 strains isolated in France in 1985 (strain CD196) and in England in 2006 (strain R20291), the latter being associated with a hospital epidemic that resulted in 127 deaths over three years. We observed similar structures (P.G. Hitchen and A. Dell, unpublished work) to those 027 strains characterized by the Logan laboratory, suggesting that this glycan family is shared by hypervirulent strains irrespective of geographical location. It remains to be seen whether the glycans play a role in C. difficile colonization and/or virulence.
Partially characterized pilin and flagellin glycosylation
Within the past few years, top down MS has transformed the analysis of pilins and flagellins, and has uncovered a wealth of residue masses whose molecular make-up requires complementary techniques such as NMR and metabolomics for rigorous assignment [43] . The glycans described in previous sections attest to the very considerable progress that has already been made in defining these glycan structures. Nevertheless, detailed structural analysis is often very challenging, and an increasing number of oxonium ions observed in top down experiments, as well as mass increments observed in bottom up experiments, await rigorous structural assignment. Current understanding of pathogen glycosylation suggests that these sugars and their derivatives are likely to occur in more than one species. To facilitate the future discovery of shared glycan moieties, Table 1 
Density of glycosylation
Although a discussion of glycan function is not within the scope of the present article, it is, nevertheless, pertinent to consider whether the overall architectures of pilin and flagellin glycosylation are consistent with glycans playing a direct role in host-pathogen engagement. Many studies have documented the importance of multivalency in the interaction of glycans of diverse bacterial, plant and animal origin with their receptors (lectins) [1] . Indeed, it is becoming increasingly evident that appropriate glycan density is likely to be a pre-requisite for functional outcomes of glycan-lectin recognition [44] . So it is relevant to note that pilins and flagellins have very different densities of glycosylation. Thus flagellins are characterized by multiple sites of glycosylation as well as considerable glycan heterogeneity. For example, top down MS has revealed up to 19 glycosylation sites on flagellins of C. jejuni, H. pylori and A. caviae [25] . It is conceivable, therefore, that flagellins have the potential to be involved in processes that are regulated, at least in part, by glycan recognition. In contrast, characterized pilins such as those from Neisseria [33] have only a single glycosylation site, although serine-liked phosphocholine and phosphoethanolamine are adjacent to the glycosylation site, and could conceivably play a role in strengthening putative inter-molecular interactions mediated by the glycans.
Closing remarks
We have highlighted the relatively limited repertoire of underlying sugars present on flagellin and pilin glycoproteins of pathogenic bacteria, and also the extensive diversity that can result from the large cassettes of sugar modification genes that populate the glycosylation loci. Thus the study of this vast array of glycostructures presented by pathogens is inherently complex, but ideally suited to the powerful application of MS. The inherent sensitivity of MS and its ability to generate valuable information on very small sample quantities, coupled to its capacity to distinguish between very similar glycoforms within a population, makes MS an essential tool in the analysis of these biopolymers. In turn, the nature of the family of amino sugars so far identified on these appendages facilitates their study by MS, the glycans being an ideal size for detection which, combined with their ability to yield oxonium ions, enhances their discovery. With such a diverse range of sugar modifications across pathogenic bacteria and even strains, a more systematic approach is required to better grasp the complex network of glycosylation gene functions combined with the elaborate repertoire of glycostructures cloaking the bacteria that are perceived by the host. We are using a systems biology approach in the CISBIC (Centre for Integrative Systems Biology at Imperial College) to better understand the complexity of the interaction between bacterial glycomes and the host immune response during infection. We are developing models to enable a better understanding of the complexity of the Campylobacter glycome using logic programming in combination with wet lab experimentation [47] . The diversity of the Campylobacter glycome presents an excellent model on which a systems approach can be extended to include the study of glycome variation across strains. 
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